A mutant T-cell hybridoma line named mutant 51 was developed that, unlike the parental line, did not die after T-cell receptor (TCR) engagement and demonstrated reduced death in response to dexamethasone. Intracellular calcium measurements showed that available calcium stores were markedly reduced in the mutant cell line. Unlike control cells, secretion of IL-2 from mutant cells was also greatly reduced, although addition of exogenous IL-2 did not facilitate increased apoptosis. Although levels of the cell death gene product Nur77 were equivalent, additional studies showed that mutant cells expressed Nur77 predominantly in the cytoplasm following TCR engagement, while parental cells displayed a nuclear translocalization of Nur77. In addition, Fas levels and Fas ligand dependant killing were both markedly reduced in the mutant clone. From these data we hypothesize a role for available calcium stores and Nur77 nuclear localization in TCR-mediated apoptosis in T-cell hybridomas.
Introduction
Negative selection of thymocytes demonstrates the classical characteristics of apoptosis, however the molecular pathways initiated during this process are not well understood. In vitro, thymocytes and T-cell hybridoma cell lines provide useful tools to study programmed cell death (PCD) in lymphocytes. Apoptosis can be induced in these cells by synthetic glucocorticoids, 1 via signals delivered through the T-cell receptor (TCR), 2 by agents that mimic the action of T-cell receptor engagement (such as phorbol esters and calcium ionophore), or by irradiation. 3, 4 These mediators of apoptosis have been shown to initiate unique signaling cascades involving pathway specific gene products. 5 TCR engagement initially leads to a well characterized cascade of events resulting in an early and pronounced intracellular calcium [Ca 2+ ] rise. TCR cross linking causes tyrosine kinase activation leading to stimulation of phospholipase Cg and subsequent induction of diacylglycerol and inositol 1,4,5 triphosphate (IP 3 ) production. Diacylglycerol then activates protein kinase C that in turn targets several calcium dependent-protein substrates. 6 Simultaneously IP 3 induces a cytoplasmic [Ca 2+ ] rise from intracellular stores. Depletion of these stores then signals capacitative Ca 2+ influx across the plasma membrane. This influx of calcium into the cytoplasm subsequently activates downstream signaling events. 7 The essential role of calcium in the apoptotic pathway has been demonstrated in both thymocytes, 8 T-cells and numerous other cell types. Using intracellular calcium chelators, it has been shown that suppression of TCRmediated Ca 2+ rises results in a reduction of apoptosis in T-cell hybridomas. 6 Calcium has also been suggested to play a role as an early mediator of glucocorticoid-induced cell death and in many other signaling pathways. Thus this ion has a rather promiscuous function in numerous important cellular fates.
Several calcium dependent substrates involved in apoptotic signaling have been identified. The Ca 2+ -dependent neutral protease calpain has been shown to be involved in glucocorticoid and irradiation-induced peripheral T-cell apoptosis. 9 Also the Ca 2+ -dependent endonuclease NUC18 necessary for DNA cleavage to oligonucleosome length fragments requires elevated calcium. 10 Further, it has been shown that calmodulin, a calcium binding protein, and the Ca 2+ /calmodulin-dependent protein phosphatase calcineurin are important in the programmed cell death of lymphocytes. 11, 12 Though all inductive stimuli cause the characteristic signs of apoptosis, pathway specific gene products have been identified that transduce the apoptotic message in response to only one external signal. One such protein is the mammalian transcription factor Nur77, an immediate-early gene product and member of the steroid receptor superfamily. This orphan receptor has been shown to be up regulated and absolutely required for both TCR-mediated apoptosis in vitro, 13, 14 and for negative selection of thymocytes in vivo. 15 In contrast dexamethasone or g irradiation-induced apoptosis neither up regulates nor requires Nur77 expression. Similarly, p53 appears to be required for irradiation induced cell death but is not required for either TCR-mediated or dexamethasone induced apoptosis in thymocytes. 3 The up regulation of Fas ligand and engagement of the Fas receptor induced by TCR engagement have been shown to be absolutely required for activation induced cell death in mature T-cells. 16±18 Fas receptor cross linking initiates a well characterized signaling cascade, 19 that culminates in the activation of a series of unique proteases, termed caspases, that are thought to be the executioners of the apoptotic pathway. 20, 21 In mice lacking expression of either the Fas receptor or its ligand there is little activation induced cell death in their lymphopoietic system and both mice strains eventually develop lymphadenopathy and autoimmune disease as a result of massive, abnormal lymphopoietic expansion. This expansion appears to be due to a failure to remove activated T-cells via activation induced cell death. 22 However, the importance of Fas signaling in thymocyte apoptosis remains controversial as negative selection is reduced but not abrogated in these mouse strains. 23, 24 To further dissect the mechanism by which thymocytes undergo apoptosis via TCR-stimulated negative selection, the T-cell hybridoma DO11.10 was used to select mutants that did not die in response to phorbol myristate acetate (PMA) and the calcium ionophore A23187, agents known to mimic TCR engagement. One mutant cell line was selected, named mutant 51, that demonstrated markedly reduced death in response to PMA and A23187. This mutant line and the parental cell line DO11.10 were then stimulated to die by various agents and a detailed study of the cellular and molecular consequences associated with the putative apoptotic stimuli were compared.
Here we present data that demonstrate that the mutant 51 cell line was resistant to TCR-mediated apoptosis and partially unresponsive to the glucocorticoid, dexamethasone, while still being susceptible g irradiation-induced apoptosis. Subsequent study of the resistance to TCRmediated apoptosis indicated that although calcium capicitance were comparable in the two lines, calcium stores in the mutant 51 cell line was markedly reduced, indicating the defect affects the ability of the endoplasmic reticulum, the main calcium storage site, to maintain or acquire calcium. In addition, expression of Nur77 protein following TCR engagement was both delayed, and defective in nuclear translocation in the mutant cells in contrast to the parental line. Lastly, we found that levels by the Fas receptor and cytotoxic killing of Fas ligand on the mutant cell line were also both greatly reduced, although interestingly additional studies indicated that direct Fas signaling failed to induce programmed cell death in either the parental or mutant cell lines.
Results
PMA/A23187 selected mutant 51 cells are highly reisstant to TCR-mediated and partially resistant to glucocorticoid-induced apoptosis, but are sensitive to g irradiation induced death
Apoptosis can be induced by several mechanisms including TCR engagement, glucocorticoids such as dexamethasone, or g irradiation. Though they all lead to the characteristic manifestations of apoptosis such as membrane blebbing and nuclear condensation, their inductive signaling pathways leading to the execution stage of apoptosis are very different. 5 Mutant 51 was selected and cloned after repeated exposure to PMA and A23187, agents that are proposed to mimic TCR-mediated apoptosis. Subsequently, it was first determined if the PMA/A23187 non-responsive clone was resistant to all forms of apoptosis. FACScan exclusion analysis using FITC, shown in Figure 1 , demonstrates that TCR-mediated cell death was inhibited in the mutant 51 cell line. In contrast, the mutant cells died equally well as the parental cell line in response to g irradiation, suggesting the mutation or mutations do not affect this signaling pathway. In response to dexamethasone treatment, which has been shown to have an antagonistic effect on TCR-mediated apoptosis, there was a significant decrease in cell death in mutant 51 cells although not to the extent seen in TCRmediated signaling. These results suggest that the main perturbance of apoptosis affects the TCR-mediated pathway. In addition signaling molecules common to both TCR and dexamethasone mediated cell death may also be defective. 
Intracellular calcium stores are reduced in mutant cells
As both TCR and glucocorticoid-induced cell death were diminished in mutant 51, it is likely that a signaling molecule required for both these pathways may be defective. These two pathways utilize different molecules during their inductive stage of the apoptotic pathway so we looked for a signaling event that was shared by both pathways. An early event in thymocyte death is a large calcium rise in the cytoplasm of the cell. Inhibition of this rise has been shown to prevent apoptosis suggesting a direct role of calcium in cell death. To investigate if calcium levels were perturbed in mutant 51, calcium rises originating from both capacitative entry and endoplasmic reticulum stores were measured using the fluorescent Ca 2+ indicator Fluo 3 (Molecular Probes). Thapsigargin was used to assess the level of calcium present in cytoplasmic stores in the absence of extracellular Ca 2+ . This drug specifically inhibits the calcium ATPase pumps of the endoplasmic reticulum ER, 25 and in its presence calcium leaks from the ER into the cytoplasm where it induces a Ca 2+ rise ( Figure 2A ). The rise is larger in DO11.10 cells (first Fluo 3 peak, panel a), than in the mutant cell line (first Fluo 3 peak, panel b). This Ca 2+ rise in the mutant 51 cell line approximated to 50% of the DO11.10 controls based on single cell studies (data not shown).
As the capactitative influx of calcium is triggered by the prior release of calcium from the ER, we investigated if extracellular calcium influx into mutant cells was also decreased. These studies used cells previously treated with thapsigargin. Control and mutant cells demonstrated a similar calcium profile following the addition of CaCl 2 to calcium free medium, illustrating that the defect does not prevent capacitative calcium entry into the cells (Figure 2A ; compare second Fluo 3 rise above baseline in each panel). From these studies we conclude that there is a defect associated with diminished calcium stores in the non-responsive cell line. This lack of available calcium may prevent maximal amplification of the downstream calcium dependent steps required for both TCR and dexamethasone-mediated cell death in mutant 51.
Inositol triphosphate receptor levels are comparable in both the mutant and parental cell line Calcium release from the ER after TCR engagement is mediated by the second messenger inositol triphosphate (IP3) binding to its receptor in the ER membrane causing calcium release into the cytoplasm. 26 To determine if the diminished calcium release from the ER in the mutant cell line was due to reduced levels of the inositol triphosphate receptor type 1 (IP3R), protein lysates were made from mutant 51 and DO11.10 cells after PMA/A23187 stimulation. IP3R1 levels were then detected via Western blot analysis. No decrease was observed in the amount of IP3R1 protein after stimulation to die in mutant 51 cells as compared to the parental cell line ( Figure 2B ). Thus absolute IP3R1 levels do not explain the lack of ER derived calcium elevation. and mutant 51 cells. 2610 5 cells were washed in calcium free medium and incubated with 1 mM Fluo 3 (Molecular Probes) and 1 ml/ml 20% Pluronic acid (Molecular Probes). After incubation at 378C in the dark the cells were washed in calcium free medium and resuspended in calcium free medium supplemented with 1% horse serum pre-dialyzed with 6 mM EGTA. Cells were placed on ice until analyzed by FACScan. Before each sample was run it was warmed to 378C then a baseline fluoresecence (FL1) was obtained. Addition of 1 mM Thapsigargin caused endoplasmic reticulum calcium stores to empty into the cytoplasm giving a corresponding fluorescence rise. After the cell fluorescence had returned to baseline 2 mM CaCl 2 was added enabling capacitative calcium entry to be measured. Results show one of three experimental repeats and are consistent with observations seen in all cases. (B) Analysis of IP3 receptor protein levels by Western blot analysis. 4610 5 DO11.10 or mutant 51 cells were incubated with 10 nM PMA + 500 nM A23187 for the times shown and then washed in PBS 26 before resuspension in SDS sample buffer. Proteins were separated in a 4% (stacking and running) polyacrylamide gel and transferred to nitrocellulose. IP3R protein was incubated with 1 : 4000 dilution of anti-IP3R type 1 antibodies (a kind gift from JB Parys and KU Leuven, Belgium) followed by 1 : 4000 goat anti-rabbit/ HRP secondary antibodies. Immunodetection of proteins followed directions as described for chemiluminescence analysis using the ECL system (Amersham). Lanes labeled (M) correspond to mutant 51 cell lysates and lanes labeled (D) indicate DO11.10 cell lysates. A polyacrylamide gel was also run to confirm equal loading of protein lysates and was visualized with coomassie blue ± equal loading was seen in all lanes (data not shown) 1) and the number of TCR molecules dictate the amount of signal elicited, the level of TCR expression on the mutant 51 cells was measured. Comparison of TCR levels on nonresponsive mutant 51 and parental DO11.10 cells demonstrated that the mutant 51 cell line expressed a similar number of TCR/CD3 complexes to the parental population ( Figure 3A ). Thus the non-responsive cells can perceive the ligand for TCR-induced apoptosis but are defective in the TCR-specific downstream signaling events associated with cell death.
Mutant 51 cells do not secrete IL-2 in culture
Next we investigated whether we could detect additional, or downstream calcium dependent components that were defective after TCR engagement. Signaling through the TCR in DO11.10 cells not only leads to apoptosis but also IL-2 secretion. Consequently we investigated whether TCRmediated IL-2 secretion was affected by the mutation in mutant 51 cells. Control DO11.10 cells produced IL-2 in response to both TCR engagement, or with PMA and A23187 addition. Unlike DO11.10 cells, the mutant 51 cell line under similar conditions failed to secrete this cytokine ( Figure 3B ), indicating the mutation affects a shared event following TCR engagement. To rule out the possibility that IL-2 is required for equivalent TCR-mediated apoptosis the cytokine was added to mutant 51 cells that had been induced to die by F23.1. No increase in death was observed (unpublished data, SS and GM), demonstrating that the apoptotic defect is not IL-2 dependent.
Mutant 51 cells fail to G 1 arrest in response to TCR stimulation
Numerous studies have shown that cell cycle arrest occurs prior to cellular apoptosis, although cell cycle arrest does not obligate the cell to undergo cell death. 27 DO11.10 cells accumulate in G 1 of the cell cycle when stimulated to die by antibodies to the TCR ( Figure 4 ). This is associated with a loss of cells from both G 2 /M and S phases of the cell division cycle. Interestingly, when stimulated by PMA and A23187, DO11.10 cells initially arrested in both G 1 and G 2 /M, with a concomitant loss of cells from S-phase. PMA and A23187 also caused non-responsive mutant 51 cells to accumulate in G 1 and G 2 /M of the cell cycle. Therefore, as has been demonstrated previously, cell death is not an irreversible consequence of cell cycle arrest since PMA/A223187 induced accumulation of mutant 51 cells in both G 1 and G 2 /M but did not initiate apoptosis. In contrast, TCR engagement of mutant 51 cells caused no arrest in any cell cycle phase (Figure 4 ). Thus the defect prevents the G 1 arrest associated with TCR-mediated apoptosis, but does not inhibit the cell cycle restriction induced by PMA and A23187.
Translation of the apoptosis-associated gene product Nur77 is delayed in non-responsive cells
We and others have shown the requirement for Nur77 expression for TCR-mediated apoptosis in DO11.10.
13,14
Consequently we investigated the transcription and translation levels of this gene in the mutant and parental cells. The mRNA transcript levels of nur77 were found to be equivalent in both DO11.10 and mutant 51 cells (data not shown). Therefore Western blot analysis was used to evaluate the levels and phosphorylation states of this transcription factor in mutant 51 cells ( Figure 5A ). When stimulated through the TCR both mutant 51 and DO11.10 cells produced Nur77 but this expression was delayed by 5 /ml cells were stimulated with F23.1 antibody or 10 nM PMA + 500 nM A23187 before analysis. Secretion of Interleukin 2 (IL-2) in culture supernatant was detected using the Biosource International Cytoscreen Immunoassay kit (Biosource). The manufacturers instructions were followed as described and absorbency read at 450 nm. Results are presented as IL-2 produced in pg/ml. This result is the average of duplicate cultures tested and are representative of additional experiments 1 ± 2 h in the mutant cell line. Comparison of levels and phosphorylation states showed a slightly decreased level of Nur77 protein in some experiments in mutant 51 cells but a similar degree of phosphorylation in comparison to the parental cell line (as assessed by band intensity and degree of gel retardation). Following the delayed expression of Nur77 in mutant 51 cells the levels of this protein in both mutant 51 and DO11.10 cells reached plateau at 3 ± 5 h after TCR engagement and remained relatively constant to 9 h (data not shown). Similar results were obtained with PMA + A23187 induced Nur77 expression (data not shown).
Nur77 fails to localize to the nucleus in mutant 51 cells after TCR engagement
It is proposed that as a transcription factor Nur77 must localize to the nucleus to initiate transcription of downstream genes associated with the apoptotic signaling cascade. 28 Therefore the cellular distribution of Nur77 was analyzed in the two cell lines. After a 3 h exposure to F23.1 antibodies the majority of DO11.10 cells displayed a nuclear distribution of Nur77, as illustrated by a more intense red/pink staining in the nuclear region of the cell ( Figure 5B , panel a, arrow indicates nuclear staining). However, in a large proportion of mutant 51 cells Nur77 remained in the cytoplasm suggesting a failure to import this transcription factor into the nucleus ( Figure 5B , panel b; see arrow). Interestingly, PMA/A23187 caused a rather diffuse distribution of Nur77 throughout the nuclear and cytoplasmic regions in the majority of both DO11.10 and mutant 51 cells ( Figure 5B , panels c and d respectively), illustrating further differences in the cellular signaling associated PMA/A23187 and TCR-mediated apoptosis.
Mutant 51 cells demonstrates delayed Fas ligand (FasL) dependent killing and express reduced Fas receptor levels on their surface
Mature T-cells undergo activation induced cell death via engagement of the Fas receptor by its ligand FasL while in T-cell hybridomas it has been shown that TCR-induced cell death is dependent on Fas/FasL. 17 Therefore we examined the expression of Fas receptor and the cytotoxic activity of FasL by DO11.10 and mutant 51 cells. A cellular based functional assay was used to determine killing activity of FasL. It was found that there was a clear delay in the onset and subsequent induction of FasL mediated killing by mutant 51 cells, as assessed by chromium release from target cells expressing the Fas receptor ( Figure 6A) .
Analysis of Fas levels demonstrated there was a 90% reduction of surface Fas expression on mutant 51 cells as measured by FACS analysis in comparison to DO11.10 cells ( Figure 6B) . However, at a concentration of Jo2 antiFas antibody (10 mg/ml) that induced apoptosis in greater than 80% of mouse thymocytes (data not shown) no cell death of DO11.0 or mutant 51 was seen by dye exclusion after 18 h incubation (Figure 1 ). 5 mutant 51 or DO11.10 cells were exposed to F23.1 for various times before lysis in SDS sample buffer. Proteins were separated in a 8% polyacrylamide gel and transferred to nitrocellulose. Nur77 protein was detected using anti-Nur77 monoclonal antibody (1 : 1000 dilution) followed by sheep anti-mouse-HRP (1 : 4000). Immunodetection of proteins followed directions as described for chemiluminescence analysis using the ECL system (Amersham). 
Discussion
In the thymus, corticosteroids and TCR engagement appear to provide antagonistic signals by a mechanism of molecular crosstalk, providing a sensitive balance between positive and negative selection in developing thymocytes. In support of this hypothesis, Ashwell 29 and King 30 demonstrated that these stimuli also down-regulate the others ability to induce apoptosis in vivo. Studies have shown that although the execution phase of cell death induced by these two signals (such as DNA breakdown and membrane blebbing) are similar, the upstream inductive phase depends upon unique, pathway dependent signaling molecules. 5 To investigate in more detail the signaling molecules involved in TCR-induced cell death a T-cell hybridoma cell line was selected that did not undergo apoptosis in response to PMA and the calcium ionophore, A23187. Consistent with the proposed similarity between TCRmediated apoptosis and PMA/A23187 induced cell death, these mutant cells were also unable to die in response to TCR cross linking. In addition it was found that mutant 51 also had a diminished response to dexamethasone but was susceptible to g irradiation induced apoptosis, suggesting that the execution stage of apoptosis, shared between TCR, glucocorticoid and g-irradiation-induced cell death was not defective. Therefore we investigated the ability of mutant 51, in comparison to DO11.10 to mobilize calcium, an early second messenger known to be required for most forms of apoptosis. 7 Direct evidence for the role of calcium in apoptosis comes from several groups who have shown that inhibition of the calcium rise by extra and intracellular calcium chelators prevents apoptosis 6 and our unpublished data GM). Apoptosis is also inhibited by cyclosporin A, a compound that is thought to inhibit calcium dependent signaling pathways by inactivating the calcium-dependent protein phosphatase calcineurin. 12 Recently, Serafini and co-workers, 31 identified two mutant mature T lymphocyte clones that were unable to proliferate in response to PMA and calcium ionophore. This group demonstrated that the mutant T-cell lines were defective in capacitative calcium entry but had comparable intracellular calcium stores to the parental line. In contrast, our studies clearly demonstrate that although capacitative entry is not diminished in mutant 51, these cells have markedly reduced stores of calcium in the endoplasmic reticulum, the main site of IP 3 -dependent calcium release. This diminished calcium rise from the ER was however not due to reduced expression of the IP3R1. This is important in light of a recent report demonstrating that Jurkat T-cells deficient in the IP3 receptor were unable to die in response to TCR, dexamethasone or g irradiation. 26 Indeed close examination of IP3R1 protein levels indicated that mutant 51 cells expressed slightly elevated levels in comparison to DO11.10 cells. Although no gross differences seem to be associated with this increased expression, mutant 51 cells have an accelerated doubling time that may be associated with this higher expression of IP3R1 protein (unpublished data). Therefore these data demonstrate that one of the earliest detectable defects in this mutant cell line is the reduced level of calcium in intracellular stores released during the inductive phase of apoptosis. Although calcium has been consistently demonstrated to be required for TCR-mediated apoptosis, the role of calcium in glucocorticoid-induced death remains controversial. Perrin-Wolff and colleagues have shown that capactiative calcium entry is required for glucocortocoidinduced thymocyte death, whereas Bian and co-workers demonstrated that dexamethasone-mediated apoptosis in the S49 T-cell hybridoma line induced only small cytoplasmic Ca 2+ elevations and was independent of extracellular calcium. 32, 33 Our studies show that mutant 51 is more susceptible to dexamethasone-induced death than TCR-mediated apoptosis. Therefore either the glucocorticoid-mediated pathway may require less calcium for induction of death, or additional defects may be associated with the TCR signaling pathway. Interestingly, recent work by Dolmetsch and co-workers illustrated using B lymphocytes that both the amplitude and duration of the calcium signal directed the activation of distinct downstream transcription factors. 34 Thus these two independent signaling pathways may require differing levels of calcium to trigger gene transcription associated with the final apoptotic outcome. Further, in the IP3R deficient Jurkat cells Jayaraman and Marks found that calcium release in dexamethasone treated cells occurred between 24 ± 48 h following treatment rather than as an immediate rise as seen after TCR engagement. 26 Therefore mutant 51 might be defective in the early release of calcium from endoplasmic stores but may more efficiently release calcium into the cytoplasm as a later effect of dexamethasone signaling.
As the greatest inhibition of death was through the TCRmediated pathway in mutant 51, additional studies were carried out to determine if this clone may have other TCRmediated signaling defects. Engagement of the TCR results in apoptosis and the release of IL-2, both of which require the calcium dependent protein calcineurin. This protein targets a variety of transcription factors including NFAT (nuclear factor of activated T-cells). Upon dephosphorylation by calcineurin, NFAT translocates to the nucleus resulting in IL-2 gene transcription through the AP1 promotor. 35 Mutant 51 cells were found to be defective in IL-2 secretion, most likely due to the reduced calcium stores available for calcineurin signaling. However, as supplementation of IL-2 to the cultures did not facilitate apoptosis in the mutant cells, the inability to die is not linked directly to the absence of IL-2 production. This is in agreement with previous studies showing that T-cell hybridomas could be induced to secrete IL-2 with or without apoptosis depending on the method of TCR stimulation. 36 Consequently, although it has been shown using IL-2-deficient mice that they have reduced corticol thymocyte apoptosis and increased colitis-inducing thymocytes in their periphery, 37 the less dramatic reduction of IL-2 observed in mutant 51 is not directly responsible for the lack of apoptosis in mutant 51.
The majority of cell types investigated arrest in G 1 of the cell division cycle prior to apoptosis. This accumulation in G 1 is evident after TCR engagement, 29 or glucocorticoid treatment. 38 However, after g irradiation, cells initially accumulate in G 2 /M before progressing to G 1 /G 0 as they undergo the classic characteristics of apoptosis. 39 In response to TCR engagement, these mutant cells failed to accumulate in any cell cycle phase and had a typical exponential population profile. Cell cycle arrest in G 1 has been associated with accumulation of the immediate-early genes c-myc, c-fos and others. 40 Myc expression is usually associated with the induction of proliferation associated genes in late G 1 but also accumulates in cells that are restricted to G 1 prior to apoptosis. 41, 42 The decision to proliferate or induce the apoptotic pathway appears to be regulated at least in part by collaboration between the immediate-early genes and survival-or death-inducing proteins. 43 In addition, Ca 2+ might also direct the signaling pathway taken by its levels and duration of the rise. 34 As mutant cells stimulated through their TCR failed to accumulate in G 1 this may indicate a perturbance in immediate-early gene expression reuqired for PCD, possibly mediated via calcium regulation. Interestingly, mutant cells exposed to PMA and A23187 accumulated in both G 1 and G 2 /M suggesting that the direct action of calcium ionophore stimulated at least some immediateearly gene expression leading to cell cycle restriction. The fact that this G 1 accumulation was not associated with apoptosis suggests that additional factors or processes are required for the induction of cell death. This has been observed in other cell systems where cell cycle arrest did not predispose a cell to the apoptotic pathway. 27 We and others have shown that TCR engagement of thymocytes or DO11.10 hybridoma cells results in the up regulation of the immediate-early gene nur77, that was demonstrated to be absolutely required for TCR-mediated apoptosis. 13, 14 More recently it has been demonstrated that cyclosporin A blocks apoptosis in part by inhibiting the promoter activity, protein levels and down-regulating phosphorylation of Nur77. 44 In some other cell types Nur77 is induced during proliferation, not apoptosis, and thus can also be associated with mitogenic signaling. 45 Following translation, Nur77 protein is postranslationally modified by hyperphosphorylation. 45 In the PC12 neuronal cell line, Nur77 is induced during proliferation and is differentially phosphorylated depending on growth factor treatment or membrane depolarization. This postranslation modification is therefore hypothesized to regulate the downstream signaling pathways initiated by Nur77 expression. 46 Though the role of this additional phosphorylation in apoptosis is not known, it has been postulated to be required for nuclear localization and transcription of downstream apoptosis-associated genes. 28 Previous studies with Nur77 in other non-lymphoid cell lines, have demonstrated nuclear localization of this protein during proliferation, whereas in other studies Nur77 appeared to be distributed throughout the cell. 46, 47 Therefore Nur77 may initiate numerous cellular outcomes depending on its localization and thus interaction with other signaling molecules. While Nur77 protein and phosphorylation levels were comparable in both mutant and the parental cells when stimulated through the TCR or with PMA and A23187, its expression was delayed and Nur77 protein failed to localize to the nucleus in the majority of mutant cells after TCR engagement. As Nur77 is both a transcription factor and a protein shown to be absolutely required for apoptosis in thymocytes and DO11.10 cells, the lack of cell cycle arrest and death may in part be due to the lack of nuclear import of Nur77 in the mutant line. Interestingly, PMA + A23187 treatment caused Nur77 to distribute in both the nucleus and cytoplasm in both DO11.10 and mutant 51 cells. This may be a result of the direct elevation of intracellular calcium levels by calcium ionophore, initiating partial nuclear localization of Nur77. This could also account for the cell cycle arrest seen in PMA/A23187 treated mutant cells and further suggests the requirement for additional factors other than cell cycle arrest and nuclear localization of Nur77 for the induction of death. Clearly these data indicate that, although both TCR engagement and PMA + A23187 cause comparable signaling processes to be activated, only the latter is able to overcome cell cycle defects in mutant 51. Thus TCR-mediated signaling is uanble to initiate cell cycle restriction in mutant 51 whereas PMA + A23187 can surmount this defect in the signaling pathway but is unable to overcome additional defects in the apoptotic machinery.
One of the downstream events associated with TCR engagement in both mature T-cells and T-cell hybridomas is the up-regulation of the Fas receptor. Fas engagement by its ligand is absolutely required for activation induced cell death in mature T-cells, apoptosis in T-cell hybridomas 17, 48 and is also implicated in thymocyte negative selection. 16, 23 Mutant 51 cells expressed almost 90% less Fas receptor than the parental cell line, DO11.10, and had reduced ability to induce Fas ligandmediated cytotoxic killing of target cells. However, in our hands, engagement of the Fas receptor by anti-Fas antibodies, that caused rapid and extensive death in exvivo thymocytes (data not shown), was unable to induce death in either DO11.10 or the mutant clone. It therefore appears that TCR-mediated apoptosis requires Fas signaling, although direct engagement of the Fas receptor does not induce cell death in DO11.10. Taken together we hypothesize that mutant 51 may be resistant to TCR induced killing in part due to reduced Fas expression and/ or Fas ligand-dependent killing, although direct engagement of the Fas receptor, bypassing upstream TCR signaling, is unable to initiate apoptosis in either the parental or mutant clone. Additional studies are underway to determine to what extent, if any, downstream mediators of the Fas pathway play a role in TCR-mediated apoptosis in DO11.10 cells.
Here we present data outlining studies on a mutant T-cell hybridoma cell line with defects in TCR and glucocorticoid induced cell death. As the execution stage of the apoptosis signaling was most likely intact as suggested by the normal level of g irradiation induced cell death, this implicates a relatively early event following TCR engagement or glucocorticoid treatment. This was supported by the lack of cell cycle arrest in the mutant cells after TCR engagement and by the lack of IL-2 production. Further studies with mutant 51 demonstrated that calcium release from the ER was reduced, strongly suggesting that the absence of these early events associated with apoptosis is related to reduce calcium rises in the mutant cell line.
The lack of nuclear import of Nur77 may be a direct consequence of reduced calcium rises of may represent an independent aberration in this cell line. Regardless, it is appealing to postulate that deficient Nur77 nuclear localization and thus reduced direct or indirect transcription of downstream death-associated genes such as Fas, 18 would reduce the degree of apoptosis observed. The lack of Fas and Fas ligand expression/function strongly supports this hypothesis. However, this must be tempered by the fact that PMA + A23187 causes partial nuclear localization and cell cycle arrest, but not apoptosis in this cell line. This clearly demonstrates that other factors, that may, or may not be mediated by calcium availability, are important for cell death in T-cell hybridomas in addition to Nur77 nuclear localization. The reduced death following dexamethasone treatment in mutant 51 supports this conclusion.
This T-cell hybridoma clone was selected on the basis of its resistence to PMA/A23187 induced apoptosis. Several defects have been identified that may contribute to the lack of TCR-mediated apoptosis in mutant 51. Although these mutations may be due to one or several genetic abnormalities in mutant 51, we can not rule out the possibility that this cell line represents founder cells that expressed an adaptive change at the cellular level in response to the environmental stress of selection. However, irrespective of the level at which this cell line displays cellular abnormalities, the characterization of mutant 51 has provided significant insights into the regulation of TCR-mediated apoptosis in T-cell hybridomas.
Materials and Methods
Cells and cell culture conditions DO11.10 cells were derived from the fusion of an immature T-cell line expressing a T-cell receptor (TCR) specific for ovalbumin peptide 323 ± 329 and the T-cell thymoma BW5147. F23.1 hybridoma cells provided antibodies specific for the Vb8 chain of the DO11.10 TCR. F23.1 supernatant was used without dilution for all F23.1 antibody experiments described. Cells were maintained in a 1 : 1 mix of RPMI and DMEM (Gibco) supplemented with 2 mM glutamine, 20 mg/ml gentamicin, 1 g/ml glucose and 10% heat inactivated (568C for 30 min) horse serum (Gibco). Cultures wre incubated at 378C in a humidified atmosphere of 7% CO 2 in air. All derived mutant cells were maintained under similar conditions.
Mutant cell selection procedure
Exponentially growing DO11.10 cells were exposed to 10 nM phorbol myristic acetate (PMA; Sigma) and 500 nM calcium ionophore (A23187; Sigma) and incubated at 378C. The majority, (490%) of DO11.10 cells exposed to this regimen died with the first 24 h as assessed by trypan blue exclusion assay. After 2 days the cells were washed and similar levels of PMA and A23187 added before incubation at 378C. This procedure was repeated a further two times before surviving cells were single cell cloned. One such clone, mutant 51, was then expanded and re-selected in media supplemented with PMA + A23187 to reconfirm that this clone was resistant to death induced by these agents.
Stimulation of cells to die
Log phase cells were induced to die either by the addition of 10 nM PMA + 500 nM A23187, or 10 mM dexamethasone, or 30 Gy g irradiation, or 10 mg Jo2 monoclonal anti-Fas receptor antibody/ml (Pharmingen), or via the TCR using F23.1 antibodies. To do this, tissue culture plates or flasks were coated with 10 mg/ml sheep anti-mouse Ig in phosphate buffered saline (PBS; pH. 7.2) for 1 h at 378C, rinsed in PBS then incubated with F23.1 cell supernatant for 1 h at 378C. After washing with PBS the plate was ready for cells to be added. Mutant 51 or DO11.10 cells were then added to the F23.1 coated plates or were treated with the above apoptosis inducing reagents before incubation at 378C for 18 h in a humified atmosphere of 7% CO 2 .
Detection of death
Cell death was determined using either fluorescein isothiocyanate (FITC; Sigma) or propidium iodide exclusion assays. Briefly, FITC was added to cells at 10 mg/ml and the cultures incubated in the dark for 15 min at 378C. Following washing with PBS the cells were fixed in 1% formalin and kept on ice in the dark until FACS analysis. Alternately, Yo-Pro (Molecular Probes) a fluorescent dye based on propidium iodide was added to cells at 1 ml/ml before placing on ice. Cells were analyzed immediately by FACScan analysis (Becton Dickenson) and lysis software.
Detection of intracellular calcium changes
Cells were washed in calcium free water (W1503; Sigma) supplemented with 155 mM NaCl (Sigma), 4.5 mM KCl (Sigma), 1 mM MgCl 2 (Sigma), 10 mM D-glucose (Sigma), 5 mM HEPES (pH 7.4; Sigma) and 1% Horse Serum (v/v; Gibco) pre-dialyzed against 1006 vol PBS containing 6 mM EGTA. After washing, the pellet was re-suspended in this buffer to a final cell density of 4610 5 /ml before addition of 1 ml/ml 20% pluronic acid (Molecular Probes) and 1 mM Fluo 3 (Molecular Probes). The flasks were then incubated at 378C in the dark for 30 min. Subsequent to removing the extracellular Fluo 3 by washing, the cell density was adjusted to 4610 5 /ml in the calcium free buffer and the cells were placed in the dark on ice. Immediately prior to FACScan analysis the samples were warmed to 378C for 5 min. For all experiments a base line calcium level was obtained for 45 s before addition of 1 mM thapsigargin (Molecular Probes), followed by 2 mM CaCl 2 after the induced calcium rise had returned to baseline levels.
T-cell receptor surface expression
Cells were washed in cold PBS + 0.1% bovine serum albumin (BSA; Sigma)/0.1% sodium azide (Sigma) and resuspended in F23.1 supernatant before placing on ice for 30 min. After washing twice with PBS/BSA/azide the pellet was resuspended in FITC-conjugated sheep anti-mouse Ig and incubated at room temperature for 30 min. Cells were again washed before fixation in 1% formalin and analysis on the FACScan (Becton Dickenson).
Interleukin 2 release
Secretion of Interleukin 2 (IL-2) in culture supernatant was detected using the Biosource International Cytoscreen Immunoassay kit (Biosource). 1610 5 DO11.10 or mutant 51 cells were stimulated with F23.1 antibodies or 10 nM PMA + 500 nM A23187 for 16 h. The supernatants were collected and incubated with IL-2 antibodies for 2 h at 378C. Following treatment with a secondary antibody as outlined in the manufacturers instructions absorbency was read at 450 nm and IL-2 pg/ml calculated from a standard curve.
Cell cycle analysis DO11.10 or mutant 51 cells were stimulated with 10 nM PMA and 500 nM A23187, or F23.1 for 6 h at 378C before washing and fixing for population cell cycle distribution as described previously. 49 Briefly, cells were washed and resuspended in 75% ethanol/5% glycerol in PBS. After incubation overnight at 7208C the fixed cells were washed twice in PBS before resuspension in PBS + 50 Units RNase (Worthington Biochemical Co.). The cells were incubated at 378C for 2 h before addition of 50 mg/ml propidium iodide and placing on ice until use. DNA content was analyzed by FACScan (Becton Dickenson) at 488 nm using CELLFIT software.
Detection of protein expression
Lysates were prepared by washing the cells once with PBS before resuspending the pellet in loading buffer, (2% SDS, 10% glycerol, 100 nM DTT, 60 mM Tris (pH 6.8) and 0.001% bromophenol blue). Following polyacrylamide gel electrophoresis of the proteins on tris/glycine denaturing gels the proteins were transferred to nitrocellulose (Amersham) by wetblot transfer (BioRad). Immunodetection of proteins followed directions as described for chemiluminescent analysis using the ECL system (Amersham).
Immunocytochemical analysis of Nur77 distribution
For TCR engagement studies cover slips were coated with 10 mg/ml sheep anti-mouse antibody for 1 h at 378C, washed once in PBS and then incubated in F23.1 antibody for 1 h at 378C. The cover slips were again washed in PBS before placing in a 100 mm petri dish with 5610 5 /ml DO11.10 or mutant 51 cells in growth medium. In other experiments 5610 5 /ml DO11.10 or mutant 51 were placed in 100 nm petri dishes with uncoated cover slips and 10 nM PMA + 500 nM A23187 in growth medium. After 3 h the cover slips were removed and placed into methanol precooled at 7208C for 10 min. The cells were washed in PBS/Tween 20 (0.1% v/v) before addition of 40 ml monoclonal anti-Nur77 antibody (1 : 2 dilution PBS/0.1% Tween 20/ 2% BSA) and incubated in a humid atmosphere for 18 h at room temperature. Cover slips were washed twice in PBS/Tween 20 (0.1%) v/v) before addition of 40 ml FITC conjugated sheep anti-mouse antibodies (diluted 1 : 128 in PBS/Tween 20/BSA). Cells were incubated for 30 min at room temperature before washing four times in PBS/Tween 20 and mounting on glass slides for visualization. Fluorescence was viewed using UV microscopy.
Fas ligand cytotoxic activity 3610 6 DO11.10 or mutant 51 effector cells were co-cultured with 3610 5 LK target cells labeled with Chromium 51 (effector: target ratio of 10 : 1), in the presence of 2.5 mg/ml anti-CD3 monoclonal antibody. The cells were incubated at 378C for various times before measuring chromium release in the supernatant. 50 Cultures that lacked anti-CD3 antibody were used to measure spontaneous release of chromium 51.
Fas receptor expression

1610
6 DO11.10 and mutant 51 cells were centrifuged (500g/5 min) before resuspending in 200 ml PBS/0.1% BSA/0.1% azide with Jo2-PE monoclonal anti-Fas receptor antibody (1 mg/10 6 cells; Pharmingen). Cells were incubated on ice for 1 h before washing in PBS/BSA/azide twice followed by one wash with PBS. The pellets were resuspended in 300 ml 1% formalin in PBS and analyzed by FACScan.
